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i. 
INTRODUCTION 
The purpose of this investigation was the determination 
of the number of empirical formula units per crystallographic 
unit cell a nd other crystal constants of that class of 
6-heteropoly molybdates which may be formulated: 
R3n ( (xo6Mo6o15 )n) • lOn H2o. R may be any univalent 
cation, in the case of this investigation NH4+, and X 
may be one of certain trivalent metals. The metals used 
were Cr+3 , Al+3, Co+3, and Fe+3. A seconda~ purpose of t h is 
investigation was to determine, by a better metbod than 
mixed crystal formation, whether the series of compounds 
in question is isomorphous. 
It was hoped that the data obtained from X-ray 
diffraction and chemical investigation, when combined with 
previously published information on these compounds, would 
lead to a partial elucidation of the s tructure of a class 
of compounds that has received relatively little 
scientific treatment to this time. 
The general procedure of this research was as follows:. 
the ammonium 6-heteropoly molybdates of Cr, Al, Fe, and 
Co were prepared and analyzed. Single crystals of the 
chromium compound were mounted on goniometer heads, and 
rotation and Weissenberg X-ray diffraction pictures were 
taken. From the systematic appearance or absence of spots 
on the X-ray films, calculations were made which, when 
combined with analytical and specific gravity data, gave 
the crystal system, the space group, and the number of 
empirical formula units per unit cell. 
The aluminum a nd iron compounds deposit as very fine 
crystalline powders which are unsuitable for single 
crystal work. In these cases, powder X-ray methods became 
quite important. Powder X-ray pictures of all the members 
of the series have been taken, measured, and compared with 
- one another. The data so obtained have been combined with 
ii 
the data obtained from the single crystal work done on the 
chromium salt . 
Specific gravity determinations have been made on al l 
members of the series, and the results were used in the 
calculation of the formula weight of the unit cell. 
Each compound has been analyzed for its principal 
constituents. The analytical methods used were proved 
effective by running the methods with standard samples. 
A historical survey has been made of all the reported 
work on these salts, and this material is herein compared 
with the work of the present investigator in an effort to 
arrive at the correct structure for these compounds. 
The specific conclusions drawn from this project will be 
listed in a more detailed fashion later. 
1. 
CHAPTER I 
HISTORICAL SURVEY 
The heteropoly compounds with which this investigation 
was concerned were first prepared and recognized by 
H. Struve1 in the early 1850's. He prepared each of the 
molybdates by reacting a solution of a molybdate with the 
oxide of the metal which was to be the central a tom. As 
was customary at that time, Struve assigned dualistic 
formulae to these compound$. An example of this type of 
formulation is (NH4 )20·Cr203·12 Moo3. 20 H2o. 
Gentele2 , in 1860, prepared the sodium salt of the 
aluminum complex and formulated it my means of the double 
salt formula Na3Al{Mo2o7 )3·11 H2o. In 1895 Markwald3 
discussed these same compounds. He too used the dualistic 
formulation. 
4 R. D. Hall , in 1907, described better methods for 
preparing several of the salts. He assigned the dualistic 
formulae although describing the compounds as complex salts 
rather than as double salts. He showed, mainly by 
precipitation and dialysis experiments, that they do not 
exist as double salts but each contains the trivalent atom 
and the molybdenum atoms in a single complex anion. He 
showed that the compounds are truly salts of complex 
inorganic acids, the structure of which he could not ascertain. 
Barbieri5 , in 1914, sh~d by mixed crystal formation 
that the ammonium salts of the series under consideration 
are isomorphous. 
Miolati6 and Rosenheim7 extended the Werner Coordination 
Theory8 to include heteropoly acids and salts. According to 
Miolati and Rosenheim, a heteropoly acid formed from an 
element X of valence z as the central atom, 
a hypothetical parent acid H12_z(xo6 ). The 
replaced, according to Rosenheim, by Mo04-2 
is derived from 
oxygens may be 
-2 or Mo2o7 
2. 
groups . This leads to two limiting series of acids : the 
6 -2 6-acids where there are Moo4 groups per central atom, 
and the 12-acids where there are 12 molybdenum atoms per 
central atom. The Rosenheim theory leads to very hi gh 
expected basicities for most heteropoly acids. 
The molybdates of the 12-class are general ly yellow 
with no contributing color from the central atom, According 
to latest theories thtsis because the central atom is 
completely enclosed in a basket- l i ke structure. The colors 
of the salts of the 6-class are affect ed by the identity of 
the central atoms because in these a nions the central 
atoms are less complete l y enc losed . For example , the hexa-
morbdochromate III complex is rose red while the cobaltic 
complex is green and the aluminum complex is colorless . 
An example of a salt of a 6-acid as proposed by 
Miolati and Rosenheim would be K3H6 [ x+3 (Moo4 )6J· 7 H2()). 
Rosenheim and coworkers were unable to prepare what they 
considered normal salts of these anions . 
They then tried conductometric experiments, the results 
of which mi ght have been i nterpreted as supporting the 
normal salt or the acid salt formulae. Rosenheim assumed 
that these data supported his acid salt formulation and 
proceeded to give further proof by means of dehydration 
experiments . 9 These experiments showed that there were 
ten molecules of water per central atom. Seven of these 
could be removed easily i n a drying oven at not over 
170° c., while the other three molecules could not be removed 
at less than red heat, at which temperature t he salts fuse 
and lose their identity. These last three molecules were 
thus l ooked on as 11 Konstitution Wasser1110 as required by the 
Miolati-Rosenheim Theory . The ot her seven were considered to 
be water of' crystallization . 
Baker et a111 have been unable to repeat the dehydration 
experiments of Rosenheim and Schwer. They have shown t hat, 
3. 
all ten molecules of water may be removed from the potassium 
salts at temperatures as low as 140°C. 
The uncritical dehydration experiments of Rosenheim and 
Schwer have been responsible, through influencing the 
interpretation of conductometric data obtained by these 
workers, for the perpetuation of the incorrect formulae for 
these salts which i ncludes three extra oxygen atoms in the 
empirical formula of the anion. These incorrect formulae have 
been used by most later writers on this subject. 12 
In 1929 Linus Pauling13 took a giant step forward 
toward the answer ·to the structural problem of the 
12-heteropoly acids and salts. He suggested a self-contained 
anion having an oxide coordination structure wherein twelve 
Moo6 octahedra are linked about the central atom, each one 
sharing three corners with neighboring octahedra. To 
saturate the three unshared corners of each o~ the twelve 
octahedra, hydrogen ions are taken up in the form of 
constitution water. The ent ire basket-shaped structure has 
the empirical formula [ M12<)18(oH) 36J (M may be Mo or W). 
The structure. has four tetrahedrally arranged oxygen atoms 
at its center, between which t here is room for the central 
atom. 
Although basicity data for this structure agree with 
experiment , lower hydrates than the 18 hydrate minimum 
required by Pauling ' s formulation have been observed ; and 
therefore Pauling 's formulae for the 12 acids and salts had 
to be modified . Pauling's fundamental suggestion of a 
coordinated oxide type structure has been shown to be the 
basis of the correct structure of the 12-acids and salts~s 
determined by Keggin and others by means of X-ray diffraction . 
In the same paper Pauling said, HThere is no doubt that 
Rosenheim has assigned the correct formula to members of 
the six class . 1114 This has since been disproved. 
Keggin15 in 1934, reported an X-ray investigation which 
showed the true structure of certain 12-acids and salts. 
Like Pauling 1 s, Keggin 1 s structure consists of a central 
4. 
xo4 tetrahedron surrounded by Moo6 or wo6 octahedra. Each 
corner of the xo4 group is shared with three octahedra, each 
of which also shares one other oxygen atom with each of its 
near~est neighbors . Four Mo3o13 groups are thus obtained. 
Thes bind together to form the 12 heteropoly anion of the 
empirical formula £xo4Mo (or w) 12o36) S-z where z is the 
valence of the central atom X. In the actual crystal these 
anions pack together rather loosely so as to leave large 
spaces which are ordinarily filled with water of crystallization. 
The number of molecules of water of crystallization may 
vary over a wide range. 
Investigations on numerous examples of salts of this 
type have completely substantiated Keggin 1 s formula by 
16 
means of X-ray techniques. 
Anderson17 applied the .t>auling and Keggin principles 
![ 
to members of the 6-class. In order to satisfy the 
geometrical requirement of the Mo+6 being in six-fold coordina-
tion wi th oxygen, Anderson pro~sed a planar annulus of 6 
Moo6 octahedra , each sharing an edge with each of its 
neighboring octahed~ra . This would leave a central cavity of 
just the right size to admit a seventh molybdenum atom 
and give the empirical formula of the paramolybdate ion. 
The central cavity might also accomodate the xo6 octahedron 
of a hexacoordinated central atom and could thus be a solution 
to the structural problem of the 6-heteropoly molybdates. 
Anderson's structure lacked experimental support until 
1948 when Evans 1~ reported X-ray data for (NH4 )6l TeMo6o2 • 7 H20 
and K6 [ TeMo6o24 · 7 H20. His work strongly indicates that 
the Anderson structure is correct in these instances. 
Sturtevant19 was able to prove by means of X-ray 
diffraction that the Rosenheim formula for paramolybdates, 20 
R5H5 [ H2 (Moo4 )6] · n H20 was not correct and that actually 
5. 
ammonium paramolybdate was a heptamolybdate of the formula 
{NH4)6 Mo7o24 ] · 4 H20 . 
Lindqvist21 has determined the positions of the 
molybdenum and oxygen atoms within the ammonium paramolybdate 
molecule by means ofapplying Fourier Syntheses t o single 
crystal X-ray pictures. According to this work the following 
' ' c: 
is the structure of the Mo7u24- o ion: assume four Moo6 
octahedra . I and II share edges; III.and IV share edges; 
I and III , and II and IV share corners; ther efore the four 
centers of these octahedra f orm a recta ngle . Three other 
octahedra (V., VI, VII. , are placed on this rectangle in such 
a wa y that the octahedra share edges with all their 
nearest neighbors (for example V shares edges with I, III, 
a nd VI , etc.) It can be seen that with the proper geometrical 
transformat ions Anderson 1 s Annulus may be produced f r om 
Lindqvist 's Structure . 
Fig . 1 The Paramolybdate Ion 
6. 
Baker , McCutcheon, Foster, Tan, and Scholnick22 have 
repeated the dehydration experiments of Rosenheim23 on the 
pota~um salts of the acids studied in the present work . 
They have done magnetic susceptibility determinations on 
members of the series under consideration here . Some of these 
~ determinations were repetitions of those performed by Ray, 
Bhaduri , and Sarma. 24 Potentiometric titrations were 
performed on the free acids produced by means of ion exchange25 
in order to get the true value for the number of replacable 
hydrogen atom\ per central atom in the pure acids. 
Baker et al have concluded that the formula for the 
anion of this class of 6--heteropoly acids is 
i (x+3o6Mo6o15 )n] - 3n where x+3o6 represents an octahedral 
group of the central atom and n in a small integer, not 
' -
unity but probably two . The results of the present 
investigation have shown that n is two . 
From the data compiled by various workers i t is 
apparent that there is no one structure for 6-heteropoly 
acids and salts that is all-inclusive. 
7. 
CHAPTER II 
EXPERIMENTAL 
A. Preparation of Salts 
The amonium salts of the chromium, iron, cobalt, 
and aluminum complexes were prepared, purified and 
analyzed in order to assure that they were the desired 
compounds. 
In general each of the ml t s was prepared by 
mi x ing , with constant stirring, hot solutions of the 
appropriate ammonium alum and ammonium paramolybdate. 
The resulting solution was heated to the boil ing point 
and allowed to cool slowly to room temperature. 
On cooling, the mother liquor deposited fine platelets 
of the salt concerned. The size of the platelets 
is determined by many factors, among which may be 
mentioned the cooling-rate of the hot solution. 
These salts show a rna~d temPerature coefficient of 
solubility. They are much more soluble at 100°C . than 
at room temperatur~. Recrystallization from boiling 
water was the method of purification used in all cases 
except that of the iron complex. The purified compounds 
were used in all further steps . 
1. Ammonium Hexamolybdochromate III 
The salt was prepared according to the method 
of R. D. Ha1126 by adding, with constant stirring a 
solution of 30 grams of ammonium chronealum in 300 cc 
of water to a solution of 50 grams of ammonium 
paramolybdate in 500 cc of water . The solution was 
heated to boilin a .~ allowed to cool slowly. The rose 
red crystalline product was recrystallized from boiling 
water. One other ratio of chrome alum to ammonium 
paramolybdate was tried. This was the strict 
stoichiometric ratio of one mole of ammonium 
paramolybdate to one-half mole of chrome alum. Use 
8. 
of this stoichiometric ratio appeared to give the best 
results in terms of crystal size. It was observed that 
keeping the mother liquor just at the bOiling point for 
10-15 minutes and then slowly cooling the solution at 
about 15 degrees per hour produced the largest single 
crystals. 
2. Ammonium Hexamolybdocobaltate III 
This salt was prepared following the 
directions of Friedheim and Keller. 27 This me~hod 
employs the strictly stoichiometric ratio of one mole of 
cobaltous acetate to one mole of ammonium paramolybdate. 
To 150 cc of a solution containing 6 .30 grams 
of cobaltous acetate were added 31.25 grams of ammonium 
paramolybdate dissolved in 125 cc of water and 39 grams 
of ammonium persulfate dissolved in 130 cc. The 
solution was acidified with acetic acid and heated 
gently in a porcelain dish over an open flame. As 
oxygen development occurred , the 11ght red solution 
became darker and then turned green . After evaporation 
to one-half its volume , the solution was suction-
filtered boiling hot, and the filtrate allowed to cool. 
A green, platy , crystalline, solid settled out. This 
was suction-filtered, washed with cold water, and 
recrystallized from boiling water. 
3·. Ammonium Hexamolybdoferra te III 
The method used in the preparation of this· 
compound was essentially that proposed by Rosenheim 
28 . 29 
and Schwer and modified by Baker et al • 
Thirty grams of ammonium paramolybdate were 
dissolved in 600 cc of water in a 2,000 cc beaker. The 
solution was heated to 45° c. and removed from the heat 
source. A one-half saturated solution of ferric alum 
9. 
was added dropwise with constant stirring at such a 
rate that the yellow precipitate which formed when a 
drop was added had just dissolved before the next drop 
entered. When about 15 cc of ferric alum solution had 
been added, the temperature had dropped to about 
38° C. and a white crystalline material had begun to 
precipitate . The solution was immediately suction-
filtered and the filtrate allowed to cool . A good 
yield of a white microcrystalline precipitate appeared 
on cooling. This was suction-filtered and ttlroughly 
washed with ice-cold water. This compound cannot be 
recrystallized from hot or boiling water because the 
compound decomposes when heated. Small quantities of 
the product appea .-~ white, although in large quanti ties 
it has a slightly greenish cast. 
4. Ammonium Hexamolybdoaluminate III 
This~lt was prepared by following the 
stoichiometric ratio of one mole to ammonium 
paramolybdate to one-half mole of ammonium aluminum 
alum. The general procedure for the preparation 
of the chromium analogue was followed. Fine white 
crystals were produced which were recrystallized from 
boiling water. 
The preparative method proposed by Baker e~ al30 
was also ·tried. In this experiment 25 grams of 
ammonium aluminum alum dissolved in 100 cc of water 
were added to 60 grams of recrystallized amonium 
paramolybdate dissolved in 300 cc of boiling water . 
The solution was boiled until the precipitate 
originally present dissolved . (After ten minutes , if 
the precipitate does not dissolve, one should add 
sufficient boiling water to effect solution.) The 
solution was suction-filtered boiling hot and allowed 
to cool. The filtrate deposited fine white crystals 
which were recrystallized from boiling water. 
B. Analytical Determinations 
All the salts were analyzed for molybdenum and 
the central atom and the atomic ratio or Mo to x+3 
found to be 6.0 to 1.0 in all cas es . 
10. 
was 
1 . All molybdenum analyses were performed by 
running solutions, containing weighed amounts of salt 
dissolved in 2 M HC.J£, through the silver reductor and 
titrating the reduced solutions with 0.1 M eerie 
sulfate using o-phenanthroline ferrous sulfate as 
internal indica tor. In 2 M HC.l, Mo +6 is reduced 
quantitatively to Mo+5 and thus allows a very accurate, 
comparatively rapid determination of molybdenum. Ions 
reducible in 2 M HC~ must of course be absent. 
The gravimetric Alpha Benzoin Oxime determination 
of molybdenum proposed by Knowles31 was attempted but 
was discarded in favor of the silver reductor method. 
The gravimetric method involves a very voluminous 
organic precipitate which is difficult to filter and 
wash. The time consumed in the precipitation, 
filtration and ignition or the sample is much greater 
t han that required by the reduction method. 
2. The chromium in ammonium hexamolybdochromate III 
was determined by oxidizing a dilute sulfuric acid 
solution of the::salt with ammonium persulfate in the 
+6 presence of a silver catalyst and titrating the Cr 
with standard 0.025 M ferrous sulfate solution. 
3 . Aluminum was deternU!ned.: by precipitation of t he 
hydrous oxide with filtered ammonium hydroxide fol lowing 
the standard technique, igniting the precipitate in 
porcelaia to constant weight and weighing as Al2o3 • 4. Iron was likewise precipitated as the hydrous 
oxide, which was filtered off and washed with water. 
The precipitate was ~edissolved in 6 M HCl and Fe+2 
11 . 
titrated with standard potassium dichromate after 
reduction of the Fe-¥-3 with stannous .chloride. The 
filtrate from the hydrous oxide precipitate was made 
2 M in HCl and run through the silver reductor. As a 
check, a 2 M HCl solution of t he pure salt was run 
t~rough the reductor and the value for Mo+Fe was 
determined . The results of both sets of determinations 
agreed very well. 
5. Cobalt was determined by precipitation of 
cobaltic hydroxide with 25% NaOH solution. The solution 
was filtered , and the precipitate washed with hot 
water. The precipitate was ignited under good oxidizing 
conditions to co3o4• The residue was leached with 
water to remove all sodium salts. The solution was 
filtered again and the residue ignited to co3o4 and 
weighed as such . 
6 . Nitrogen was determined by distilling the NH3 
i nto standard acid and titrating the excess acid with 
s tandard base. 
I 
I 
I 
I 
TABLE I 
ANALYTICAL RESULTS 
-
I ._. .. ~-
- - --- - - ---
Atomi c Ratio Mo to X 
·- -----~ Calculated ~ - - --- -· Found Determined Theoretical 
% (Average) Ratio Ratio 
Arrunonium Mo 49.55 49.68 6.00 6 .00 
Hexamolybdochromate Cr 4.48 4.54 1.01 1.00 
III N 3.62 3.8 
- --- -Arrunonium Mo 49.85 49 . 87 6.00 6.00 Hexamo1ybdoaluminate Al 2.33 2.31 0.99 1.00 III 
-
- · Anunonium Mo 50.15 50.08 6.00 6.00 
Hexamo1ybdoferrate Fe 4.87 . . lJ.. 9 3 1.01 1.00 
III Fe+Mo as Mo 58.52 58 . 56 
. I 
··--
.I Anunonium Mo 49.25 49.31 6.00 6 .00 ! Hexamolybdocobaltate Co ~ 5.04 5.02 0.99 1.00 III 
-- ---
_,_ -- ~ 
- -
... _ - - · -
--- -
Note : Although most of the prior literature on these compounds gives the empiricaJ 
formulae as decahydrates, the water content was determined i n those studies only 
by difference, as it was above. The number of water molecules, under such 
circumstances, depends only on the conditions of drying. 
The calculated values above are based on the following formulae: 
(NH4)3n ((ero6Mo6o15 )n] · 8n H2o; (NH4 )3n [(Al06Me6o15 )n]. 9n H2o; 
(NH4 )3n L(Fe06Mo6015)n] • 7n H2o; (NH4 )3n (( coo6Mo6o15 >nJ • 8n H2o. 
~ 
1\) 
. 
13. 
6. Attempts At Growing Single Crystals 
Many attempts were made to produce large single 
crystals suitable for single crystal X-ray diffraction 
studies . Most of.these attempts were not successful. 
All the salts studied showed a very great tendency to 
form supersaturated solutions when hot solutions were 
slowly cooled to room temperature. Attempts at 
seeding saturated solutions with crystals produced no 
growth of the seed crystal but only rapid precipitation 
of the salt as microcrystalline powder. Slow 
evaporations of saturated solutions in a t hermostat 
at several different temperatures (30° , 40°, and l00°C . ) 
again resulted i n supersaturation and sudden discharge 
of the solid from the solution a s a fine crystalline 
precipitate . Seed crystals, suspended in the midst of 
the so~utions from weighted corks ,. had no effect on 
crystallization other than t hat already mentioned. 
The only satisfactory crystals obtained, and these 
were not so good as could be desired, were produced 
through cooling solutions at the rate of 15° per hour 
in a hot water bath. The solutions were prepared by 
use of the molar 1:1/2 ratio of ammonium paramolybctate 
to chrome alum. The cobalt salt , when t reated in a 
similar manner , also produced fa irly good crystals ; but 
these were no so good as the crystals of the chromium 
compound. The iron salt decomposes when heated and 
recrystallization by the temperature gradient method 
was unsatisfactory in the r ange of 25° to 40° where it 
was applied. When the preparation of the aluminum 
salt involved rapid cooling, the compound precipitated 
as a microcrystalline powder . No increase in crystal 
size was affected by employing the technique of cooling 
from t he boiling point at 15° c. per hour . 
14. 
D. Density Determinations 
The densities of all the salts were determined by 
means of displacemnt of volume of toluene in a 
L pycnometer. Temperature was carefully controled. 
After the sample had been weighed into the dry pycnometer.; 
a little toluene was added and the pycnometerwas placed 
in a vacuum desiccator, which was then evacuated to 
remove all possible air that might be trapped between 
the solid particles. This procedure, when employed 
with finely ground materials, produced the highest 
specific gravity values obtained . These were still 
not quite so high as theoretically calculated values. 
It should be noted, however , that the experimental 
values are well within the limits of acceptable 
experimental error. 
TABLE II 
DENSITIES OF SALTS AT 25°C. 
COMPOUND THEORETICAL EXPERIMENTAL AVERAGE DEVIATION 
DENSITY g/cc DENSITY g/cc IN EXPERIMENTAL (Average of three RESULTS 
determinations) 
Chromium 2.882 2. 866 +.001 
Cobalt . 2.878 +. 016 
Aluminum 2. 767 +.011 
Iron 2. 874 +.021 
15. 
E. X-ray Investigation 
1 - X- ray Techniques 
In appearance t he crystals are small, 
apparently flat rhombs which have proved to be triclinic. 
The bigger the single crystalline unit the more 
intense the color of the specimen appeared . 
Single crystal X- ray diffraction work was 
done only on crystals of the chromium salt. The 
crystals were goniometrically bad and therefore very 
difficult to measure accruately. The crystals were 
oriented on a goniometer head. Rotation , zero and 
first layer line photographs were taken about the 
short diagonal of the rhombic platey face, the1ong 
diagonal of this face and about one of the edges. 
From measurements of these pictures the following 
data were obtained. 
The calculations based on the X-ray diffraction 
pictures revealed that the crystallographic uni t was 
a body centered triclinic cell of space group I I . 
Therefore , in order to conform to conventions used in 
structure determinations, wherein the simplest unit 
cell is employed , the volume and t he number of formula 
tinits per body center ed unit cell must be divided by 
two . Thus there are two empiracal formula units per 
simple crystallographic unit cell . 
TABLE . III 
X-RAY DATA 
Crystal System -- Triclini c 
Space Group I i 
a = 12.0 A~ = periodicity of acute bisectrix c~ = 10~8 A = periodicity of obtuse bisectrix 
D = D of acute bisectrix = 11.8 A0 
D100 = D of platey direction = 21.2 A~ ng~~ = D of obtuse bisectrix = 10.7 A 
Angle between 010 and 001 = A = a* = 85°321 
Angle between 100 and 001 = 1.1 = t3~ apnrox goo:: (a) 
1 b t 010 d 100 
* 
== 77QA4 / • Ang e e ween . an = v = ¥ ~ v 
16. 
Average volume of unit cell (body-centered )=2760 A0 3+ 15 A0 3 
Density 2.866 grams/cc 
Molecular Weight of body centered unit cell = 4765 
Number of Empirical Formula Units per Body Centered Cell=3.98 
Number of Empirical Formula Units per Simple Cel1=1.99 
(a) It was impossible to determine the value of t3* by direct 
measurement . See text below. 
17. 
2 . Calculations From X-ray Data 
The volume of the unit cell was calculated 
by using the formulae derived by C. W. Wolfe32 . 
d · d •c d · d ·a 100 010 o and V = 001, 010 o 
V = sin V SlnA 
From the volume of the unit cell the number of formula 
units is obtained from the following formula 
N = D·V 
MW •1. 66 X l0-24 
where N=number of formula units per unit cell 
D=density of sample = 2.866 g/cc 
V=volume of unit cell = 2760 A0 3 
MW=formula weight of one empirical formula = 1198 
66 -24 1 . x 10 =weight in grams of one molecular 
weight unit 
Substituting the appropriate values into this 
formula gives the answer of four formula units per 
centered unit cell. (Actually the calculated value 
is 3.98 formula units which is well within the limits 
of experimental error.) 
Because of the platy character of the crystals 
JWC..ec1t.1 it was impossible to locate the ~hird principle 
crystallographic direction . The third angle of the 
triclinic cell, ~*, had to be determined mathematically, 
using information- obtained by rotating about the other 
two principle crystallographic directions. ~* was 
calculated using the formula: 
V*=a *b*c * J ..;;.l ___ c_o_s_2_rit-_c_o_s·-2-~---c-o-s-~--+-2_c_o_s_a._*_c_o_s_~_*_c_o_s_Y* _ _ , 
where V* = 1/V, a* = r;d100 ,- b* == I/doJ.O' -c* =- l/d001 , 
a* ="A, !3* == ll and'f* + 'U . Substituting into - this 
formula it is founa that a unit cell volume below 
2750.5 A0 3 gives an imaginary value for p* , ~en the 
unit cell volume of 2750 . 53 A0 3 is employed p* = 90°00. 
' 
Further increase in the volume to 2767 A0 3 (maximum 
vo l ume obtai ned by calculations) gives a value of 
p* equal to either 82°471 or 95°141 , both of which 
satisfy the mathematical equations involved. 
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The value of p* has no bearing on the true cell 
volume which was obtained otherwise and has no effect 
on the molecular content of the uni t cell. A 
complete structural determinat i on would be possible 
if it were feasible to orient the crystal around a 
third crystallographic axi s not containing a 0 or o0. 
This shortcoming in no way affects the calculations 
of the content of the unit cell, which was the 
principal purpose of this investigation 
3. Powder X-ray Investigation 
Powder X-ray diffraction pictures were taken 
of all the members of the series under investigation . 
The spacings and intensities of the lines on these 
pictures were measured. The spa cings of the principal 
lines on a l l the pictures agree within the limits 
of experimental error a lthough the intensities 
differ somewhat , because of the relative absorbencies 
of the different central atoms to CuKa. X-radiation. 
It is apparent that the spacings calculated from the 
X-ray powder pictures of the Al, Fe, a nd Co compounds 
agree very well with the spacings calculated from the 
powder picture of the Cr compound. Therefore, the 
ammonium salts of these four complexes constitute at 
least a part of an isomorphous series of 6-heteropoly 
molybdates, all of wliich have the same structure in 
the anion . 
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TABLE IV 
SPACINGS in A0 and RELATIVE INTENSITIES OF POWDER PICTURES* 
I 
CHROMIUM IRON ALUMINUM COLBALT 
- --· 
-
INT SPACING INT SPACING INT ~PACING INT SPACING 
2 11 . 912 6 11 . 6 9 11 . 0 
3 7.49 4 7 . 89 8 7 . 89 
1 6 . 32 4 5 . 98 7 6.06 
3 5 . 21 9 5 . 40 10 5 . 33 
3 . 4 . 98 5 4 . 98 
1 4.67 1 4 . 67 2 4 .71 
4 4.35 1 4 . 35 l 4 . 31 8 4 . 31 
10 3 . 83 1 3 . 80 6 3 . 81 10 3 . 83 
1 3.70 1 3 . 67 I 
7 3 . 45 I 2 3 . 42 9 3 . 45 10 3 . 12 8 3.12 4. 3.12 
1 2 . 96 7 2 . 90 5 2.88 2 . 92 
I 2 2.73 3 2 .70 2.74 
2 2 . 65 I 1 2 . 63 2 2 . 65 2. 2 . 63 1 2 . 45 1 2 . 49 1 2 . 48 1 2 . 48 
1 2 . 28 I 1 2 . 33 1 2.32 
1 2.00 I 1 2 . 01 1 2 . 00 
2 1 . 67 2 1 . 66 1 1 . 69 
2 1 . 65 1 1 . 66 
2 1.53 2 1.55 · 1 1 . 55 
2 1 . 51 2 1 . 53 1 1 . 53 ~ 
* It is to be noted that in powder as well as single crystal 
pictures the spots farthest away from the center of the film 
(i . e . those of higher Bragg a ngle 2 Q and therefore, smaller 
d/n value) give the most accurate spacings . Advantage is 
taken of this fact when cell dimensions or any other 
crystallographic calculations are performed . 
The above intensities were estimated on a scale from 1 to 10, 
10 oeing the intensity assigned to the darkest line on any 
pic ure. 
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CHAPTER III 
DISCUSSION 
The principal purpose of this investigation has been 
the determination of the number of empirical formula units 
per crystallographic unit cell of the series of compounds 
herein under investigation. The unit cell measured was 
that of the chromium complex. -Its volume was found to be 
2760 A0 3. Density measurements show that this unit cell 
volume corresponds to 4765 molecular weight units which, 
when divided by the empirical formula weight of 
ammonium hexamolybdochromate III {1198) gives a value of 
3.98 formula units per centered unit cell. Because the 
unit cell used in all these calculations is a body centered 
triclinic cell, the volume obtained actually corresponds to 
two of the simplest possible crystallographic unit cells 
and therefore there are two empirical formula units per 
simplest unit cell. 
The basis of the structure of the 6-heteropoly anions 
under investigation is the xo6 octahedron. The existence 
of this xo6 octahedron is proved .definitely by magnetic 
measurements in the case of the cobalt complex and 
indicated in the other three cases. Co+3 in the cobalt 
complex has been observed to be~amagnetic. The electronic 
configuration of diamagnetic Co+3 requires octahedral 
ct2sp3 hybridization. The isomorphism of the ammqnium 
salts of the complexes of Fe, Cr, and Al with that of Co 
and the ionic radios ratios of all the complexes require 
octahedral x+3o6 groups. 
Moo6 octahedra with Mo at the center are required by 
radius ratio data . The existence of such groups has been 
verified by X-ray analyses of many higher isopoly and 
heteropoly molybdates.33 
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Potentiometric titrations of the free acids show 
.. 
only three replacable hydrogen atoms per central atom. The 
proposed formula does not require any further h~drogen atoms 
in the a nion although some older formulae did.3 It is 
unlikely that, if further hydrogen atoms were present, they 
would be selectively held attached to the anion and resist 
neutralization with base . The dehydration experiments 
performed by Baker et al35 have shown that all the water 
of crystallization may be removed below 140°C.; an~ there-
fore, no hydrogen atoms are required in the anion to get 
the correct formulation. 
Evaluation of this data gives the anion formula 
[jxo6Mo6o15 )~-3n which agrees with all the physical and 
chemical evidence that has been published on these 
compounds. Using the above information and the new 
anbn formula, it is possible to devise a structure 
using xo6 and Moo6 octahedra which, by sharing corners, 
edges, and faces, use only the twenty-one oxygen atoms 
allowed by the new formulation. 
A structure for a monemeric anion was first considered. 
Because of the relatively small number of oxygen atoms in 
the a nion, this would have to involve nine share0 faces and 
would seriously violate Pauling ' s 11 Third Rule 11 ~6: No 
heteropoly or isopoly anion yet investigated has been found 
to contain shared faces. This would be an extremely 
improbable structure. 
Further evidence against a monomeric structure is the 
fac t that all monomeric possibilities possess no point or 
plane of symmetry and therefore, should be resolvable into 
optical isomers. All attempts at resolution have proved 
unsuccessful. 
The limitations of the monomeric formula are for the 
most part removed by proposing dimeric or higher formulae 
whi ch obviate face sharing. The heteropoly anion could 
not be h i ghly polymer~c since Hall showed that the anions 
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were capable of passing through a dialysis membrane.37 The 
rapid formation of the heteropoly complex in cold paramolyb-
date solution further suggests that n is small. It is 
reasonable to expect the structure of the heteropoly anion 
to be very similar to that of the paramolybdate ion 
since the reaction between x+3 and Mo7o24-
6 takes place so 
easily in solution.38 
If the most central Moo6 octahedron of Mo7o24-
6 (the 
one with the most shared edges--see figure 1) is replaced by 
an xo6 octahedron the resulting structure would have the 
formula (xo6Mo6o18 )-9 . From this monomeric formula, 
a dimer (xo6Mo6o15 )2-
6 
may be constructed if two of the 
monomers are joined by sharing the 6-oxygen atoms in each 
ion which lie in one plane. This dimer is symmetrical . 
and satisfies all the structural, molecular and valence 
requirements, while involving only edge sharing between the 
octahedra. The size and shape of the simplest unit cell 
is appropriate to contain this structure. Replacing any 
octahedron other than the most central one gives much 
less satisfying results.from the standpoint of "Pauling ' s 
ftulesu.39 
Pauling ' s "Second Rule" 40 (requiring local neutraliza-
tion of change) is violated most seriously at the shared 
. -6 
corners of the most central octahedron in the Mo7Q24 ions. 
If the charge on the central atom of this octahedron is 
diminished, as it is if an xo6 octahedron replaces an Moo6 
octahedron, then Pauling' s "Second Rule 11 would be much less 
seriously violated, and the anion as a whole would be much 
more stable. This postulate is supported by the ease of 
formation of the heteropoly anion from paramolybdate ions . 
The postulate of the direct reaction of the 
paramolybdate ion with a trivalent metal ion , and consequent 
-6 elimination of one Mo atom from each Mo7o24 ion, is 
supported by the previously uninterpreted conduct mmetric 
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titration reported by Hall and Eyring41 . This must be 
interpreted i n the light of conclusions reached by the 
French School concerning isopoly molybdate solutions . 42 
Carpeni43, andSouchay44 have reinterpreted the electodialysis 
45 . 46 
results of Jander and Brintzinger The results 
indicate that there are seven Mo atoms per paramolybdate 
ion in solution rather than the six Mo atoms per anion 
reported by the German School of Jander and Brintzinger . 
-6 Lindqvist has argued effectively that the Mo7o24 ion 
that is present in the crystalline state also exists i n 
solution. Equilibria are established relatively slowly 
between paramolybdate ions and other isopoly molybdates in 
solution. 46 
The curve obtained by Hall and Eyring47 for the 
conductimetric titration of 25 cc of 0.1001 M (in Mo) 
ammonium paramolybdate with 0.0202 M "fresh 11 (i.e. uncomplexed) 
chromic nitrate shows that the r.eaction proceeds in two 
stages. During the first stage the conductivity falls · 
slowly to a first endpoint at about 14 to 18 cc of chromic 
nitrate solution. During the second sta ge, the conductivity 
rises rapidly to a second endpoint at 20.65 cc of chromic 
nitrate solution, at which point the Mo:cr atomic ratio is 
exactly 6:1. The final conduct vity is higher than the 
starting condu\ivity because the overall ionic reaction 
produces acid: 
12 (Mo7o24 )-
6 + 14Cr+3+6H2o---~7 [fcro6Mo6o15 ) ;}-6 +12 H+ 
The curve supports the proposed mechanism, in which 
there is direct reaction between one Cr+3 and one Mo7o24-
6 
accompanied by ejection of one Mo, because its first 
endpoint occurs when the paramolybdate ions originally 
present have just been consumed. The following equation 
represents the reaction occuring during this stage : 
+3 - 6 ~ ( '( ) l -6 . -2 4 + 2Cr +2H20+2Mo7o24 ----7 ~ Cro6Mo6o15 2j +2Moo4 + H 
24. 
Moo4-
2 is stable only in alkaline solution. Therefore, the 
Moo4-
2 and the H+ formed in the above reaction would 
immediately mutually consume each other, forming isopoly 
molybdates. The second part of the titration curve would 
involve the reaction of these isopoly molybdates with more 
cr+3. These latter reactions would of necessity produce 
acid rapidly since the overall reaction produces it . 
This evidence gives support to the suggested stuucture 
by strongly implying that 'the complex is formed by direct re-
action between chromic ions and paramolybdate ions, during Which 
one Mo atom is ejected from each paramolybdate ion. The fact 
that the present investigation has proved that there are 
two empirical formula units per simple crystallographic 
unit cell leaves no doublt that the a nion produced is the 
dimer [ <xo6Mo6o15 >;J? .-
Powder X-ray data supplied by this investigation 
show effectively that all the compounds of the series are 
isomorphous and that X ,'. may be Cr , Al, Fe , or Co . Although 
indexing a triclinic X-ray powder picture completely is 
extremely difficult, it is apparent that there is 
exeellent agreement, within the limits of experimental 
error, between the principle lines of all four powder 
pictures. The unit cell dimensions of all four salts are 
very similar, leading in all cases to .the answer of two 
units per crystallographic unit cell since the densities of 
all four salts are withing the range of 2.7 to 2.9 grams per 
cc . 
CHAPTER IV 
SUMMARY 
1. It has been shown tha~ each of that class of 
6-heteropoly molybdates which may be formulated 
25. 
(NH4 ) 3n [(X0d"'o6o15 )n J · lOn H2o, where X may be trivalent 
Cr, Co, Fe, or Al, exists as triclinic crystals in which 
there are two empirical formula units per simplest 
crystallographic unit cell. 
2. An argument based on previously reported chemical 
evidence has been advanced which shows that a monomeric 
formula for the heteropoly anions is extremely improbable. 
Therefore, it has been established that the anions are 
dimeric and this class of 6-heteropoly molybdates should be 
formulated: 
(NH4 )6 [<xo6Mo6o15 )2J . 20 H2o 
3. The densities of these compound have been determined. 
4. The unit cell constants have been determined 
directly for the Cr compound with the exception of b and 
. . 0 
~*· The latter was determined indirectly. 
5. It has been shown that the four salts studied are 
isomorphous. 
6. A highly possible structure for the anions has been 
suggested which is consistent with all of th~ chemical and 
physical data available . 
26. 
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APPENDIX 
Fig. 2 SINGLE CRYSTAL WEISSENBERG X-RAY DIFFRACTION PHOTOGRAPHS OF AMMONIUM 
HEXAMOLYBDOCHROMATE III TAKEN ABOUT THE ACUTE DIAGONAL OF RHOMIC PLATY FACE 
a) Rotation b) 0 Layer Line 
< 
1-'-
Fig. 3 SINGLE CRYSTAL WEISSENBERG X-RAY DIFFRACTION PHOTOGRAPHES OF AMMONIUM 
HEXAf40LYBDOCHROMATE III TAKEN ABOUT THE OBTUSE DIAGONAL OF RHOMBIC PLATY FACE 
a) Rotation b} 0 Layer Line 
< 1-J-
1-J-
Fig. 4 X-RAY DIFFRACTION POWDER PHOTOGRAPHS 
a) Ammonium Hexamolybdochromate III 
b) Ammonium Hexamolybdoaluminate III 
c) Ammonium Hexamolybdoferrate III 
, 
d) Ammonium Hexamolybdocobaltate III 
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